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Phthalocyanines have been described as effective photosensitizers for photodynamic therapy and are therefore,
being studied for their biomedical applications. The metalation of photosensitizers can improve their photody-
namic therapy potential. Here, we focus on the biological properties of [1,4-Bis(3,6,9,12-Tetraoxatridec-1-yloxy)
phthalocyaninato]zinc(II) (ZnPc(xEG4)2) and demonstrate its exceptional anticancer activity upon light stimu-
lation to kill preferentially cancer cells with a start of efficiency at 10 pM. Indeed, in this work we highlighted the

high selectivity of ZnPc(aEG4) for cancer cells compared with healthy ones and we establish its mechanism of
action, enabling us to conclude that ZnPc(aEG4)2 could be a powerful tool for cancer therapy.

1. Introduction

In the race against cancer, focused therapies gained a high place in
the therapeutic arsenal due to their selective anticancer efficiency with
few side effects. Photodynamic therapy (PDT) is rapidly developing as
focused cancer treatment, evidenced by the numerous on-going clinical
trials [1-4]. In principle, all visible wavelengths can be used in PDT to
excite photosensitizers, but working in the phototherapeutic window
constituted by red or near infrared wavelengths is more biocompatible
since it allows a higher penetration depth in biological tissues [5-10],
and avoids the excitation of endogenous chromophores such as hemo-
globin or melanin [11].

Phthalocyanines are highly potent and attractive photosensitizers
(PSs), thanks to their maximum absorption centered at 700 nm. They are
also very efficient for PDT due to their ability to generate singlet oxygen
when excited in the red visible region around 700 nm. In addition, their
biomedical potential could be increased by metalation and introduction
of substituents on phthalocyanine macrocycle as it enables to tune the
solubility and the electronic properties such as fluorescence emission
and generation of reactive oxygen species [12-19]. The [1,4-Bis

* Corresponding authors.

(3,6,9,12-Tetraoxatridec-1-yloxy)phthalocyaninato]zinc(II) ZnPc
(0EGy4)2 was earlier reported by Liu and co-workers [20,21] and its PDT
activity was investigated on HT29 and HepG2 cancer cell showing
certain efficiency with half maximal inhibitory concentration (ICsg) of
0.13 pM and 0.06 pM, respectively. Amphiphilic ZnPc(aEG4) presented
in Scheme 1, is characterized by low tendency to aggregate in solution,
quite red shifted absorption band located around 700 nm and good
singlet oxygen generation featuring attractive key properties for PDT.

In this work, we have studied in more details the biological proper-
ties of ZnPc(aEG4)2 on MCF-7 cancer cell line and on healthy fibroblasts
in order to determine if this compound could be a therapeutic tool for
cancer cells targeting while preserving healthy cells. The present study
reveals the exceptional anticancer activity of ZnPc(aEG4)2 (LCs9 = 1 nM
on MCF-7) under light stimulation, its high selectivity, its very rapid
internalization, its action on the cell cycle and particularly by increasing
the S phase and finally its biocompatibility thanks to its low toxicity in
the darkness and daylight on healthy cells making it an appealing drug
for clinical applications and a strong molecular basement to design other
PDT related sensitizers.
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Scheme 1. Structures of the ZnPc(aEG,), investigated in this study.

2. Experimental Part

ZnPc(aEG4)2 was synthesized as previously published [20,21].

2.1. Cell Culture

Human breast adenocarcinoma cell line (MCF-7) and human dermal
fibroblasts (FC-0024) were purchased from ATCC. MCF-7 cells were
cultured in Dulbecco Eagle’s Minimal Essential Medium/Ham’s Nutrient
Mixture F-12 (DMEM/F-12) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S). Fibroblasts were main-
tained in Roswell Park Memorial Institute (RPMI) medium supple-
mented with 10% FBS and 1% P/S. Both cell lines were allowed to grow
in humidified atmosphere at 37 °C under 5% CO-.

2.2. Cytotoxicity Study

Cells were seeded into 96-well plates at a density of 1000 cells per
well. Before incubating the compound with cells, and in order to mini-
mize the risk of precipitation due to solubilization of compound in
aqueous media, ZnPc(aEG4), was first dissolved in EtOH at an initial
concentration of 10 mM (vortex and ultrasound bath), then cascaded in
10-fold dilutions in culture media. This strategy allows us to control the
absence of precipitation for an optimal biodisponibility. One day after,
cells were incubated with or without different concentrations of ZnPc
(2EG4)2 (from 0.001 to 100 pM) for 72 h in the dark. To quantify the
percentage of living cells, cells were incubated 4 h with 0.5 mg.mL™!
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MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) a
colorimetric assay related to mitochondrial enzyme activity. The MTT/
media solution was then removed and the precipitated crystals were
dissolved in ethanol/DMSO (v/v). The solution absorbance was read at
540 nm using microplate reader.

2.3. Phototoxicity Study

MCEF-7 cells were seeded into 96-well plates at a density of 1000 cells
per well and allowed to grow for 24 h. Then, cells were incubated at
different times, with or without increasing concentrations of ZnPc
(tEG4)2. Control cells were incubated with equivalent volumes of
vehicle. After incubation, cells were submitted or not to laser irradiation
(650 nm, 20 min, 39 J.cm™2). Two days after irradiation, MTT assay was
performed to quantify the level of living cells.

2.4. Statistical Analysis

Student’s t-test was performed to compare paired groups of data. Ap
value <0.05 was considered as statistically significant.

2.5. Cell Cycle Analysis

The cell cycle distribution was monitored by flow cytometry anal-
ysis. MCF-7 cells were seeded in 6-well plate and allowed to grow for 24
h. Cells were then treated with 100 nM of ZnPc(aEG4); for 1, 24 or 72 h.
After treatment cells were harvested. Subsequently, 900 pL of an ice-
cold hypotonic staining solution (25 pg.mL~! propidium iodide, 0.1%
(w/v) tri-sodium citrate dihydrate, 10% (v/v) RNase A solution and
0.1% (v/v) Triton X-100 in distilled water), was added. Cells were kept
overnight on ice and analysed for DNA content by a Gallios 10 photo-
multiplicators (Beckmancoulter) in Montpellier Rio Imaging facilities
(MRI platform, Montpellier, France). The cell cycle distribution was
analysed using KALUZA flow analysis software (Beckmancoulter). For
each experiment, 20 000 events per sample were recorded.

2.6. Annexin V Expression Detection

MCEF-7 cells were seeded on cover slips and allowed to grow for 24 h.
Then, they were incubated with or without ZnPc(aEG4)2 at 100 nM
concentration for 3 h in the dark or under laser excitation (650 nm, 20
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Fig. 1. ZnPc(aEG,), effect on cancer and healthy cells. (A) Cytotoxicity analysis of MCF-7 cells and healthy fibroblasts incubated for 72 h with increasing con-
centrations of ZnPc(aEGy)» (from 1 nM to 100 pM). Living cell quantification was performed by MTT assay. Values reported are means + standard deviations of 3
experiments. (B). Cell cycle analysis of MCF-7 cells incubated for 1, 24 or 72 h with 100 nM of ZnPc(«EG4)2. Flow cytometry study was performed to quantify cells in

different cycle phases. Values are means + standard deviations of 2 experiments.
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Fig. 2. PDT efficiency of ZnPc(«EG4); on cancer and healthy cells. (A) MCF-7 cells (B) or healthy fibroblasts were incubated for 24 h with increasing concentrations
of ZnPc(aEG4); (from 1 pM to 1 uM). Light irradiation was performed with a red laser (Aexc = 650 nm, 20 min, 39 J .em™2). Living cell quantification was performed
48 h after irradiation by MTT assay. Values are means + standard deviations of 3 experiments. * p < 0.05, significantly different from No laser. The arrows point to
the concentration of ZnPc(dEGy4), for which the PDT effect becomes significant. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

min, 39J .cm~2). Cells were incubated with 5 pL of annexin V-FITC (from
abcam) for 5 min, in darkness and at room temperature. Then, cells were
rinsed twice and imaged under fluorescent microscope Leica DM IRB.

2.7. Reactive Oxygen Species (ROS) Production

MCF-7 cells were incubated with 100 nM of ZnPc(aEG4), for 24 h
and submitted or not to laser excitation (650 nm, 20 min, 39 J.cm 2).
However, 45 min before excitation, cells were incubated with 20 pM of

',7' —dichlorofluorescin diacetate (DCFDA / HyDCFDA-Cellular ROS
Assay Kit-ab113851). After excitation, cells were washed with cell
media and fluorescence emission of 2, 7' —dichlorofluorescein (DCF)
(Aexec = 480 nm) was collected using the camera of standard fluorescence
microscope.

3. Results and Discussion

The cytotoxicity induced by the exposition of human cells to
increasing concentrations of ZnPc(aEG4), was studied. In the experi-
ment presented in Fig. 1A, human cancer and healthy cells (MCF-7 cells
and fibroblasts, respectively) were incubated for 3 days with ZnPc
(EG4)2. The concentration range was chosen between 1 nM and 100 pM
in order to determine the 50% of the lethal concentration (LCsg). The
quantification of living cells after 3 days was obtained by a colorimetric
assay (MTT) and the obtained results demonstrated that breast cancer
cells (MCF-7) are strongly more sensitive to ZnPc(aEG4)2 than healthy
fibroblasts. In the dark, the LCsq values of MCF-7 cells and fibroblasts are
1.88 + 0.09 uM and 9.36 + 0.56 pM, respectively, showing that this
compound is around 5 fold more toxic on cancer cells than healthy ones
(Fig. 1A). Another advantage of ZnPc(aEG4), against cancer cells could
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Fig. 3. Kinectic study of PDT efficiency of ZnPc(xEG4), on cancer cells. MCF-7
cells were incubated for 1, 3 or 24 h with ZnPc(«EG4), at 100 nM. Light irra-
diation was performed with a red laser (Aexc = 650 nm, 20 min, 39 J.cm ™).
Living cell quantification was performed 48 h after irradiation by MTT assay.
Values are means + standard deviations of 3 experiments. * p < 0.05, signifi-
cantly different from No laser. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

be due to its action on cell cycle phases. Indeed, it has already been
described that anticancer molecules can cause cell cycle arrest and lead
to apoptosis of cancer cells [22]. For this purpose, we have studied the
effect of MCF-7 cells incubation with 100 nM of ZnPc(«EG4), for 1, 24 or
72 h and we have observed an increase in S phase after 72 h of treatment
suggesting a blocking of cells in this state (Fig. 1B). This cell cycle
blockade could have several origins and may be due to a modification of
the cell cycle regulators such as cyclins, or DNA damage such as DNA
methylation [23-25].

Then, the PDT effect in cancer and healthy cells was studied. For this
objective, PDT experiments were performed at 650 nm and at various
concentrations of ZnPc(xEG4), incubated for 24 h with MCF-7 cells or
fibroblasts (Fig. 2). The experiments were performed with concentra-
tions range from 1 pM to 1 pM and the resulting PDT effect was
tremendous. Although JY Liu et al., had already described a PDT effect
on human cancer colorectal (HT29) or hepatic (HepG2) cells [21], and
even if this effect was very good (with nanomolar efficiency in the best
conditions) this was not in the same proportions as that measured in this
study. Indeed, in our experiments, 48 h after the irradiation of MCF-7
cells treated with ZnPc(eEG4)2 we noticed a significant effect from 10
pM that is an exceptional efficiency. This effect increases depending on
the concentration to reach 50% cell death at 1 nM, under laser excitation
at 650 nm for 20 min (39 J.cm~2). These last data are approximately in
correlation with the study of JY Liu and coworkers. The difference be-
tween their work and ours is that, in their paper, the most effective PDT
was obtained for a few tens of nM on the HT29 and HepG2 cancer lines
while we obtained an efficiency 10 or 100 times greater on MCF-7 cells.
Interestingly, this strong effect on cancer cells was never observed in
healthy cells. As shown by the black arrows on Fig. 2, a significant effect
of PDT on MCF-7 cells incubated with 10 pM of ZnPc(aEG4)2 can be
observed with 30% cell death, while the PDT effect becomes significant
on healthy fibroblasts from 10 nM with 19% cell death. This is a crucial
point, indeed, in a previous work [30] we have studied the PDT effect of
ZnPc(BEG3)4 and showed that this compound was as phototoxic in MCF-
7 cells as in healthy fibroblasts. Here, the difference of activity between
cancer and healthy cells is very interesting and suggests a biomedical
application for ZnPc(aEG4), in the treatment of cancer by PDT without
generating too many side effects on healthy tissues.

For a better understanding of ZnPc(aEG4), PDT efficiency, a kinetic
study of this compound at 100 nM was performed. The results, presented
in Fig. 3, show that this compound exhibits a time dependent activity
with a very strong effect even after short incubation times followed by
laser excitation (only 31% living cells after 1 h incubation).

This early efficiency suggests a very quick internalization of this
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Fig. 4. ROS production and annexin V expression. (A) Demonstration of ROS
production in MCF-7 cells incubated for 24 h with 100 nM of ZnPc(aEG,)», then
incubated with DCFH,-DA (20 pM, 45 min) and irradiated for 20 min at 650
nm. The green fluorescence inside the cells reflects ROS production (imaged at
480 nm). (B) Annexin V-FITC staining for apoptosis markers detection after 3 h
incubation time with 100 nM of ZnPc(aEG4), and submitted or not to laser
irradiation. Nuclei of cells were stained by Hoechst 33342. Scale bar: 20 pm.

(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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compound in cancer cells, which is an important parameter for its po-
tential medical application.

We confirmed the PDT mechanism by demonstrating the ROS pro-
duction during the laser excitation (Fig. 4A) and also the activation of
apoptotic pathway by detecting apoptosis markers such as Annexin V
(Fig. 4B).

Firstly, ROS production was studied and the results are shown in
Fig. 4A. For this, cells were incubated with DCFH-DA (2,7’ -dichlor-
odihydrofluorescein diacetate), a non-fluorescent molecule. In the
presence of ROS this molecule is oxidized into the fluorescent 2,7’
-dichlorodihydrofluorescein (DCF), whose green luminescence was
detected using a fluorescence microscope. The results show that in the
presence of 100 nM of ZnPc(aEGy)y, light excitation induced green
fluorescence inside the cancer cells incubated 24 h with ZnPc(aEG4)o.
This demonstrates ROS production and confirms that the cell death was
generated by PDT induced mechanism [26]. In accordance with this
result, the expression of annexin V [27] was also increased in cancer
cells incubated for 3 h with 100 nM of ZnPc(aEG4), and excited with
laser (Fig. 4B). Since annexin V is a marker of early apoptosis, this ob-
tained result supports the hypothesis that the induced cell death is
apoptosis, as described for PDT.

We have already demonstrated the biomedical potential of ZnPc
(0EGy4)2 thanks to the stronger PDT efficiency on cancer cells than
healthy ones. In order to demonstrate further its applicability, the effect
of such treatment was also explored when the cells were simply exposed
to daylight. Indeed, we can suppose that the compound will react to the
ambient light. As shown in Fig. 1, describing an experiment for which
the plate was totally maintained in the darkness during all the time of
the experiment, the cell death was about 20% and 50% for fibroblasts
and MCF-7 respectively. In Fig. 2, an experiment for which the plate was
punctually exposed to the ambient light, the cell death was high.
However, it is important that the PS presents a specificity in the acti-
vating wavelength in order to induce better control of the therapeutic
conditions. Therefore, we have incubated cancer and healthy cells with
increasing concentrations of ZnPc(aEG4)2 and exposed them to darkness
or daylight during 4 h. Two days after exposition to daylight (or not) the
viability of cells was quantified and reported in Fig. 5A and B. It can be
observed that cancer cells become significantly more sensitive to
daylight at 100 nM while healthy cells are not impacted at all before 1
pM. This confirms the compatibility of ZnPc(aEG4), treatment for clin-
ical applications.

4. Conclusion

In this study, we have demonstrated that ZnPc(aEG4), exhibited a
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Fig. 5. Study of daylight effect on ZnPc(aEG,) treated cells. (A) MCF-7 cells and (B) fibroblasts were incubated 24 h with ZnPc(aEG4) at 10 nM, 100 nM or 1 pM
and exposed or not (Darkness) for 4 h to daylight. Living cell quantification was performed 48 h after irradiation by MTT assay. Values are means + standard

deviations of 3 experiments. * p < 0.05, significantly different from Darkness.

better cytotoxic effect on cancer cells with LCsq 5 folds higher in healthy
cells than in cancer ones. This effect is probably due at least in part to a
modification in the cell cycle with a S phase arrest of cancer cells. In
addition, the PDT great potential was highlighted with a significant ef-
fect under laser excitation at 650 nm for 10 pM on cancer cells.
Importantly, this phototoxicity appears only at 10 nM for healthy cells.
This strong discrimination between healthy and cancer cells is a crucial
advantage for a medical use where we could imagine to kill cancer cells
with a dose that has no effect on healthy cells. In addition, with higher
concentrations, this PDT effect could be obtained after only 1 h incu-
bation time. Finally, it is important to note that the daylight does not
activate ZnPc(eEG4)2 in healthy cells in the conditions of PDT efficiency.

All together, these data described the tremendous PDT effect of ZnPc
(EG4)2 and its important selectivity on cancer cells, compared to other
glycosylated ZnPc [30], suggesting a possible biomedical efficiency with
low side effects on healthy cells and fewer constraints of staying in the
dark during the first weeks of treatment. In a forthcoming study, we
could envisage the design of a covalent dyad based on this zinc phtha-
locyanine and combined with a chemotherapeutics agent and hoping to
obtain a synergistic effect between the two entities to increase the de-
livery of this chemotherapy to the cancer cells and benefit at the same
time from the PDT effect [28-30].
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